The magnetoelectric ͑ME͒ effect is an electric polarization response to an applied magnetic field, or conversely a magnetization response to an applied electric field. Only small ME effects are known in single phase materials. 1 Orders of magnitude larger ME coefficients have been reported in two phase composites: in particular, the largest ME coefficients are found in laminated composites of magnetostrictive and piezoelectric layers. [2] [3] [4] [5] [6] [7] [8] [9] Large magnetoelectric coefficients offer potential device applications as highly sensitive magnetic field sensors, microwave filters, transformers, and gyrators. 10, 11 Recently, 12 we reported that a three-layer laminate with a ͑2-1͒ phase connectivity consisting of high-permeability magnetostrictive FeBSiC alloy layers longitudinally ͑L͒ magnetized and piezoelectric Pb͑Ti, Ti͒O 3 ͑PZT͒ fibers longitudinally ͑L͒ poled had ME voltage coefficients of 22 V / cm Oe at low frequency and of 500 V / cm Oe at resonance. These values are nearly an order of magnitude higher than prior reports for ͑L-L͒ Terfenol-D/PZT laminates, [2] [3] [4] [5] [6] [7] [8] [9] which up to that time had the highest known values. Here, we report a long-type ME laminate configuration consisting of Pb͑Zn 1/3 ,Nb 2/3 ͒O 3 -7 % PbTiO 3 ͑PZNPT͒ single crystal fibers laminated between two long FeBSiC alloy ribbon layers, operated in a longitudinally ͑L͒ magnetized and transversely ͑T͒ poled ͑or L-T͒ mode. Among all known ME composites that are operated in L-T modes, we will see that this FeBSiC/PZN-PT ME configuration has ͑i͒ the lowest required dc magnetic bias H dc and ͑ii͒ the highest ME voltage and charge coefficients.
Magnetostrictive/piezoelectric laminates operated in L-T mode have been analyzed using an equivalent method. 9 The ME voltage coefficient V ME LT can be given as
where n is the magnetic phase thickness ratio, d 31,p and g 31,p are the longitudinal piezomagnetic and transverse piezoelectric voltage coefficients, s 11 E and s 33 H are the elastic compliances of the piezoelectric and magnetostrictive layers, and k 31,p is the electromechanical coupling coefficient of the piezoelectric layer. Following Eq. ͑1͒, the ME charge coupling coefficient for the L-T mode Q ME LT is
where d 31,p is the transverse piezoelectric charge coefficient and A p is the electrode area of the piezoelectric fiber layer. Equations ͑1͒ and ͑2͒ show that a high d 33,m in the magnetic phase and a high g 31,p or d 31,p in the piezoelectric one will result in a high V ME LT or Q ME LT . In Table I , some important parameters for Metglas and PZNPT are given. The maximum d 33,m of FeBSiC is three to four times larger than that of Terfenol-D, and d 31,p of PZNPT crystals is approximately five times larger than that of PZT. Accordingly, much higher values of V ME LT and Q ME LT can be expected for ͑L-T͒ FeBSiC/ PZNPT-fiber laminates than for Terfenol-D/PZT ones. Furthermore, the extremely high permeability ͑ r = 40 000͒ of FeBSiC alloys will dramatically reduce the saturation field, relative to that of Terfenol-D ͑ r =10͒, which subsequently will result in a dramatic reduction in the required dc magnetic bias H dc . Furthermore, according to Eq. ͑2͒, a ME laminate containing more piezoelectric fibers will have a larger A p , resulting in a higher ME charge coefficient Q ME LT . In our experiments, we chose high-permeability FeBSiC alloy ribbons ͑Metglas Inc, Conway, SC͒ as the magnetostrictive layers, and PZNPT single crystal fibers poled in a d 31 configuration ͑Microfine Materials Tech, Singapore͒ as the piezoelectric one. A thin PZN-PT crystal plate oriented along ͓100͔ in its length direction was cut into fibers of sizes 15 mm in length, 0.4 mm in width, and 0.1 mm in thickness. A piezoelectric fiber layer has a high capacitance in its thickness direction, which is quite thin, therefore, it has potential for achieving high ME charge coupling under a very low dc magnetic bias. The FeBSiC ribbons were 100 mm long, 5 mm wide, and 25 m thick. Two FeBSiC alloy ribbons and one PZN-PT single crystal fiber layer were then bonded together using an epoxy resin and heated at 80°C for 30 min, forming a long-type ME composite with a twodimensionally connected magnetic phase and onedimensionally connected piezoelectric phase, i.e., a ͑2-1͒ phase connectivity. Figure 1 illustrates the structure of our FeBSiC/PZNPT-fiber laminate, in which the FeBSiC layer͑s͒ was ͑were͒ longitudinally magnetized and the piezoelectric one transversely poled.
During ME measurements, dc ͑H dc ͒ and ac ͑H ac ͒ magnetic fields were applied along the length of the laminates. An electromagnet was used to provide H dc , and a Helmholtz coil was used to generate H ac = 1 Oe. A lock-in amplifier ͑SR850͒ generated a controllable input current to the Helmholtz coil, and was also subsequently used to measure the output voltage induced across the PZN-PT layer of the ME laminate by H ac .
First, we measured the effect of length of the FeBSiC layer on the required H dc for the ME laminate in Fig. 1 . Previously, 12 the flux in ME laminates was found to be near linearly increased as the length of the Metglas layer was increased: this is simply because long-type high-layers can collect more magnetic flux. In addition, long magnetic layers in ME laminates are important in lowering the required H dc , because it can effectively decrease the demagnetization factor N and reduce the saturation field. Figure 2 shows the required H dc as a function of the length ratio of the Metglas layer to that of the piezoelectric fiber one. The results clearly show that longer Metglas layers result in lower required values of H dc , that is until the magnetic phase approaches saturation.
Next, we measured the ME responses of the FeBSiC/ PZN-PT L-T mode laminate of Fig. 1. Figure 3͑a͒ shows the low frequency ͑f = 1 kHz͒ ME voltage coefficient as a function of dc magnetic bias H dc . The maximum value of this coefficient at subresonant frequencies can be seen to be V ME LT Ͼ 10 V / cm Oe under a very low H dc = 2 Oe: this is approximately five times higher than the highest value for a L-T configuration previously reported, which was for Terfenol-D/PMN-PT ͑V ME LT Ϸ 2 V/cm Oe͒ ͑Ref. 9͒ under a H dc = 500 Oe. The required H dc = 2 Oe is dramatically lower than that in previous reports. We then determined that the corresponding maximum value in the ME charge coefficient was Q ME LT Ϸ 1 nC/ Oe. Figure 3͑b͒ shows V ME LT of the L-T FeBSiC/PZNPT-fiber laminate as a function of ac magnetic drive frequency at H dc = 2 Oe. A strong resonance enhancement in V ME LT to 400 V / cm Oe can be seen in this figure at a resonance frequency of f 1 = 20 kHz that corresponds to the first-order longitudinal electromechanical resonance. The corresponding value of Q ME LT was determined to be 42 nC/ Oe. The inset in Fig. 3͑b͒ shows the impedance/ phase-frequency spectrum of the laminate around f = 20 kHz, which may help to estimate the magnitude of effective electromechanical coupling coefficient k 31 and piezoelectric coefficient d 31 in the piezoelectric phase of the laminate. This ME laminate also exhibits two small resonances at f 2 = 58 kHz and f 3 = 92 kHz that correspond to second-and third-order longitudinal modes. Such large ME voltage and charge couplings at resonance could be of importance in power device applications.
Following Eqs. ͑1͒ and ͑2͒, these large values of the ME coefficients can be attributed to ͑i͒ the high apparent piezomagnetic coefficient d 33,m of the magnetostrictive FeBSiC alloy phase due to flux concentration, ͑ii͒ the high g 31,p and d 31,p of the PZN-PT single crystal fibers, and ͑iii͒ the ͑2-1͒ connectivity of the ME laminate configuration that causes a more intimate contact between the two phases. The low value of H dc can be attributed to ͑i͒ the high of the FeBSiC magnetic layers, ͑ii͒ long-type configuration of the ME laminate, and ͑iii͒ the large compliance of the thin-type piezoelectric fibers. Finally, we also measured the magnetic field sensitivity of L-T FeBSiC/PZNPT-fiber laminates at f = 1 Hz and 20 kHz. The experimental data ͑not given͒ showed that this type of ME laminate had a ME sensitivity of approximately 10 −11 and 10 −12 T at 1 Hz and resonance, respectively.
In summary, we have found that long-type FeBSiC/ PZNPT-fiber laminates operated in L-T mode have large ME voltage and charge coefficients of 10.5 V / cm Oe and 1 nC/ Oe, respectively, at low frequency and under a lowest dc magnetic bias H dc = 2 Oe, which were dramatically enhanced under resonance drive to 400 V / cm Oe and 42 nC/ Oe, respectively. These values of the ME coefficients are five times than that previously reported for any L-T laminates.
